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Our understanding of mechanisms that regulate
the differentiation of specific classes of synapses is
limited. Here, we investigate the formation of syn-
apses between hippocampal dentate gyrus (DG)
neurons and their target CA3 neurons and find that
DG neurons preferentially form synapses with CA3
rather than DG or CA1 neurons in culture, suggesting
that specific interactions between DG and CA3
neurons drive synapse formation. Cadherin-9 is ex-
pressed selectively in DG and CA3 neurons, and
downregulation of cadherin-9 in CA3 neurons leads
to a selective decrease in the number and size of
DG synapses onto CA3 neurons. In addition, loss of
cadherin-9 from DG or CA3 neurons in vivo leads to
striking defects in the formation and differentiation
of the DG-CA3 mossy fiber synapse. These observa-
tions indicate that cadherin-9 bidirectionally regu-
lates DG-CA3 synapse development and highlight
the critical role of differentially expressed molecular
cues in establishing specific connections in the
mammalian brain.
INTRODUCTION
During the development of neural circuits, axons navigate com-
plex cellular environments to form synapses with specific cell
types and at specific subcellular locations. Consequently, a
neuron that receives synaptic input from multiple presynaptic
sources will often develop distinct types of synapses unique to
each input. Although progress has been made in understanding
general mechanisms of axon guidance and synaptogenesis, the
molecular mechanisms that regulate the formation and differen-
tiation of specific classes of synapses in the mammalian central
nervous system are poorly understood.
The hippocampus is an excellent model for studying the devel-
opment of specific classes of synapses because the pattern of640 Neuron 71, 640–655, August 25, 2011 ª2011 Elsevier Inc.connectivity between different cell types is well characterized,
and different classes of synapses are structurally distinct (Fig-
ures 1A–1D). This is most strikingly exemplified by mossy fiber
synapses that connect dentate gyrus (DG) and CA3 neurons.
The mossy fiber presynaptic terminal consists of a large and
complex presynaptic bouton that grows 50–100 times larger in
volume than a typical asymmetric synapse and can contain
over 30 separate vesicle release sites (Chicurel and Harris,
1992; Rollenhagen et al., 2007). The postsynaptic structure on
the CA3 dendrite consists of an equally elaborate multiheaded
spine known as a thorny excrescence (TE) (Figure 1D) (Amaral
and Dent, 1981). Because of its enormous size and position
near the soma of CA3 neurons, activation of a single mossy fiber
synapse can cause the CA3 neuron to fire and, therefore, has
been called a ‘‘detonator’’ synapse (McNaughton and Morris,
1987). Farther from the soma, CA3 neurons also receive synaptic
input from other CA3 neurons and the entorhinal cortex onto
typical asymmetric synapses (Figures 1B and 1C). Themolecular
mechanisms that drive initial formation and maturation of these
unique hippocampal mossy fiber synapses remain unknown
and are likely to be distinct from those signals that govern typical
asymmetric synapse formation.
Evidence in support for a role of molecular interactions in regu-
lating the differentiation of specific classes of synapses comes
largely from genetic studies in invertebrates (Ackley and Jin,
2004; Rose and Chiba, 2000). For example, in C. elegans the
adhesion molecules SYG-1 and SYG-2 are required for the
correct localization of a particular synapse, but not for axon
growth or synaptogenesis (Shen and Bargmann, 2003; Shen
et al., 2004). In vertebrates, molecular signals that regulate
topographic mapping (Flanagan, 2006) and laminar restriction
(Yamagata and Sanes, 2008) have been identified, but relatively
little is known about signals that regulate differentiation of
specific subtypes of synapses (Ango et al., 2004; Williams
et al., 2010; Zipursky and Sanes, 2010).
Our understanding of the mechanisms that regulate synapse-
specific differentiation inmammalian systems has lagged behind
other systems partly because it is difficult to assess the complete
connectivity of individual neurons in the brain. Cultured neurons
are an invaluable tool for investigating general aspects of
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Figure 1. Specificity of Synaptic Connec-
tions in the Hippocampus
(A) Diagrammatic representation of mossy fiber
pathway of the hippocampus.
(B–D) Types of synapses on the apical dendrite of
CA3 pyramidal neurons.
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Cadherin-9 Regulates Synapse-Specific Developmentsynapse form and function, but it is often assumed that speci-
ficity is lost in dissociated culture. Here, we show that, contrary
to expectation, several aspects of synaptic specificity are well
preserved in dissociated hippocampal cultures. Using cell- and
synapse-specific markers, we developed two in vitro assays
and discovered that DG neurons preferentially make synapses
with appropriate CA3 target neurons rather than DG or CA1
neurons in culture. We then used the culture system to identify
cell adhesion molecules that selectively regulate the formation
of one type of synapse over another. Through these experiments
we identified cadherin-9 as a critical mediator of DG-CA3
synapse formation.
Cadherins are single-pass transmembrane molecules that
mediate cell-cell interactions, and their differential expression
in the brain has led to the speculation that they regulate the
formation of specific synaptic connections, but this has never
been tested. We found that cadherin-9, a classic type II cadherin
expressed exclusively by DG and CA3 neurons in the hippo-
campus (Bekirov et al., 2002), is required specifically for forma-
tion of DG but not CA1 or CA3 synapses in culture. In vivo,
loss of cadherin-9 from either DG or CA3 neurons severely
disrupts mossy fiber bouton and TE spine formation through
trans-synaptic interactions. Furthermore, cadherin-9 has a spe-
cific role at the mossy fiber synapse because it is not required for
typical spine formation on DG and CA1 dendrites. Taken
together, these experiments indicate that cadherin-9 regulates
the formation and differentiation of DG-CA3 synapses and
provide direct evidence that differentially expressed cadherins
regulate the formation of specific neural circuits.
RESULTS
DG Neurons Form Synapses with Appropriate Synaptic
Targets in Dissociated Culture
DG neurons synapse onto CA3 pyramidal neurons while avoid-
ing synaptic contact with nearby CA1 pyramidal neurons and
other DG neurons. Because primary cultures offer several ad-
vantages for molecular perturbation and analysis, we developed
two in vitro culture assays to investigate synapse-specific devel-
opment. We first determined whether the ability of DG neurons
to selectively innervate CA3 neurons is preserved in vitro using
the ‘‘microisland assay.’’ In this assay, hippocampal neurons
from neonatal rats were dissociated and plated to glial microis-
lands on glass coverslips so that each island had approximatelyNeuron 71, 640–65510–30 neurons (Segal and Furshpan,
1990) (Figure 2A). Cultures were trans-
fected with synaptophysin-GFP to visu-
alize synaptic terminals of transfected
cells. For analysis only islands containing
one transfected DG neuronwere selectedso that every synaptophysin-GFP punctum could be uniquely
associated with the transfected neuron (Figure 2A). To determine
whether DG neurons recognize correct targets in microcultures,
we used antibodies to identify hippocampal cell types in culture.
Anti-Prox1 specifically labels DG neurons (Bagri et al., 2002),
anti-PY labels CA3 pyramidal neurons and some interneurons
(Woodhams et al., 1989), and anti-CTIP2 labels CA1 pyramidal
neurons and most DG neurons (Arlotta et al., 2005). These
antibodies, when used in combination, uniquely identify each
principal cell type in the hippocampus (Figures 2B and 2C; see
Figure S1 available online), and every island analyzed included
both correct and incorrect targets so that DG neurons always
had a target choice.
An island with one transfected DG neuron and several
surrounding untransfected neurons is shown in Figure 2D. Syn-
aptophysin-GFP puncta are represented in yellow and were
expanded for visibility at this magnification. An example of
each cell type is shown at higher magnification with the anti-
GFP signal (Figure 2E). Although positioned nearby on the island,
many more synaptophysin-GFP puncta are found on the den-
drites of theCA3 neuron compared to theDGorCA1 neuron (Fig-
ure 2E). To quantify this, the total number of synaptophysin-GFP
puncta on every neuron from 21 islands was counted, normal-
ized to dendrite length, and sorted by cell type. Analysis of the
data indicates that DG neurons form significantly more synapses
with CA3 neurons than with DG or CA1 neurons (Figure 2F).
Furthermore, we calculated the expected number of synapses
if all cells were innervated equally and represented this average
by the dotted line in Figure 2F. Because CA3 neurons are inner-
vated significantly above this value, it suggests that there is a
signal that promotes DG synapse formation onto these cells.
Conversely, CA1 neurons were innervated significantly below
this average value, suggesting the potential presence of a nega-
tive cue that inhibits synapse formation by DG neurons. DG
neurons formed synapses with other DG neurons near the
frequency expected by chance (Figure 2F).
To determine if the synaptic bias of DG neurons for CA3 den-
drites measured by synaptophysin-GFP reflects a bias in func-
tional connectivity, we analyzed synaptic responses of neurons
in microcultures by whole-cell recordings. For these experi-
ments, pairs of neurons on an island were recorded simulta-
neously and tested for synaptic connectivity. One neuron was
held in current clamp and stimulated to produce action poten-
tials, whereas evoked excitatory postsynaptic currents (EPSCs), August 25, 2011 ª2011 Elsevier Inc. 641
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Figure 2. DG Neurons Preferentially Innervate CA3 Neurons in Microcultures
(A) Diagram of microisland assay.
(B) After 12 DIV, hippocampal neurons were immunostained for the neuronal marker MAP2.
(C) The same field of view in (B) but immunostained for Prox1, CTIP2, and PY to identify DG, CA1, and CA3 neurons, respectively (also see Figure S1).
(D) A 12 DIV microisland with a synaptophysin-GFP transfected DG neuron (red arrow) immunostained for MAP2 and GFP. Multiple fields of view were merged,
and the GFP signal was thresholded and enlarged for visibility.
(E) Magnified images of the regions outlined in (D) showing preferential formation of DG synapses on CA3 neurons. For simplicity only MAP2 and synaptophysin-
GFP are shown, but all cells were immunostained for Prox1 and CTIP2 to identify cell types. GFP fluorescence around the cell soma is the result of nonspecific
background staining, and only synaptophysin-GFP puncta on dendrites were analyzed.
(F) Quantification of synaptophysin-GFP puncta on DG, CA3, and CA1 neurons in hippocampal microislands. The dotted line represents the expected number of
synapses per length of dendrite if all cells were innervated equally (n > 50 cells of each type from 21 islands).
(G) Example traces of paired recordings from hippocampal microislands in which single-action potentials were elicited in presynaptic DG neurons (upper traces),
and postsynaptic EPSCs were measured by voltage clamp (lower traces).
(H) Average evoked EPSC amplitudes for paired recordings. (I) Average number of DG, CA3, and CA1 neurons on each microisland. Statistics were performed
using ANOVA followed by posttests where ***p < 0.001 and ** p < 0.01. Error bars represent SEM.
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Cadherin-9 Regulates Synapse-Specific Developmentwere recorded from the second neuron held in voltage clamp.
Paired recording was followed by immunofluorescence-based
identification of cell type. Recovering cells for immunofluores-
cence after paired recording has a high failure rate because it
requires the integrity of the cell to be maintained when the patch
electrodes are withdrawn. Therefore, only those pairs where the
identity of both neurons could be unambiguously determined
post hoc were used for analysis. Analysis of paired recordings
in which a DG neuron was the presynaptic neuron showed that
the evoked response varied depending on the postsynaptic642 Neuron 71, 640–655, August 25, 2011 ª2011 Elsevier Inc.cell (Figures 2G and 2H). Whereas DG-DG and DG-CA1 pairs
producedweak synaptic responses, DG-CA3 recordings elicited
strong evoked responses (Figures 2G and 2H). This suggests
that DG neurons make more numerous or stronger synapses
onto CA3 neurons than onto other cell types and indicates
that DG neurons also develop a functional synaptic bias for
CA3 neurons in culture. This selection of correct targets is partic-
ularly impressive because, on average, microcultures contain
fewer CA3 than DG or CA1 neurons (Figure 2I). These results
on synapse function closely correlate with the analysis of
B C D
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Figure 3. Preferential Synapse Formation Is Independent of Axon Guidance in Microcultures
(A) Phase-contrast images of a microisland merged with line drawings of a GFP-expressing neuron growing on the island. Cell bodies of all neurons on the island
are indicated by color-coded dots. Blue, DG; red, CA3; yellow, CA1.
(B) A magnified region of a microisland with a DG neuron transfected with GFP (transfected cell soma not shown) and immunostained with antibodies against
MAP2 to label all neurons and GFP to label the transfected DG axon. Arrowheads indicate points of contact between the axon and target cell dendrites.
(C and D) Quantification of contact between GFP-expressing DG axons and all neurons on microislands. Graph in (C) shows the percentage of MAP2 area that
colocalizes with GFP per neuron and, therefore, represents the extent that each potential target neuron comes into contact with the DG axon. Graph in (D) shows
the percentage of each cell type that was contacted per island. Error bars represent SEM. No differences among cell types are significant by ANOVA.
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preferentially connect with appropriate targets using only cues
present in microcultures.
Formation of DG-CA3 Synapses In Vitro Does Not
Require Directed Axon Guidance
We found that DG neurons synapse primarily with correct targets
by 12 days in vitro (DIV), but from our previous experiments we
cannot determine whether this specificity arises from a mecha-
nism of biased axon outgrowth or biased synaptogenesis. For
example, specificity between DG and CA3 neurons could arise
via selective axon growth toward CA3 neurons followed by
nonselective synapse formation. Alternatively, DG axons may
contact all cell types equally but selectively form synapses withCA3 neurons. To distinguish between these possibilities, we
analyzed DG axon growth using time-lapse imaging in themicro-
island assay.
Islands containing one neuron transfected with GFP were
imaged using phase contrast and fluorescence every 24 hr
from 5 to 12 DIV and then immunostained to determine the cell
type of every neuron on the island (Figure 3A). As shown in the
example, cultured DG neurons often develop appropriate mor-
phology with dendrites projecting from one side of the soma
and an axon projecting in the opposite direction. There is growth
and remodeling of the axon arbor between 5 and 9 DIV, during
which several branches are eliminated and others added. From
9 to 12 DIV, the arbor morphology is relatively stable, although
there is addition and retraction of minor branches. On this largeNeuron 71, 640–655, August 25, 2011 ª2011 Elsevier Inc. 643
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Figure 4. Specificity Develops at the Onset of Synapse Formation
(A) Diagram of SPO assay. P0 hippocampal neurons are grown in standard low-density mass cultures and immunostained with cell and synapse markers.
(B) After 15 DIV, hippocampal neurons were immunostained for CAMKII (blue), CTIP2 (white), SPO (green), and VGlut1 (red).
(C) Magnified images of boxed regions in (B). DG synapses express both SPO and VGlut1 and appear yellow. Arrows indicate DG synapses on the CA3 neuron,
but none is visible on a comparable region of the CA1 neuron.
(D–H) Graphs showing the total number of excitatory synapses (all VGlut1 puncta), DG synapses (SPO + VGlut1 puncta), large DG synapses (SPO +
Vglut1 >1.0 mm2), DG synapse size, and CA synapses (VGlut1 only puncta) on CA1 and CA3 neurons over time. In all cases, n > 30 cells for each cell type from 3
cultures. Statistics were performed using ANOVA followed by posttests where ***p < 0.001, **p < 0.01, and *p < 0.05. Error bars represent SEM. Avg, average;
dend, dendrite; excit syn, excitatory synapse.
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dendrites of all neurons on that half of the island regardless of cell
type (Figure 3A). For quantification we immunostained similar
GFP-transfected islands and analyzed the area of the trans-
fected DG axon that overlapped dendrites of each cell at 12
DIV when synaptic preference is established (Figures 3B and
3C). We also quantified the percentage of each cell type that
had contact with the DG axon (Figure 3D). The data indicate
that DG axons do not grow preferentially to CA3 neurons but
contact all cell types at comparable levels (Figures 3C and 3D).
Therefore, DG synapse formation is biased for CA3 neurons in
culture, but not through directed axon guidance. Instead, our
data suggest that molecular cues on specific cell types actively
promote DG synapses with CA3 neurons and prevent DG
synapses with CA1 neurons independent of axon guidance
mechanisms.644 Neuron 71, 640–655, August 25, 2011 ª2011 Elsevier Inc.DG-CA3 Synaptic Specificity Is Mediated by Selective
Synapse Formation onto Correct Targets
We next investigated two additional questions about the mech-
anisms regulating synaptic specificity in culture. First, are CA3
neurons simply more synaptogenic than other neurons in
culture? Second, does the development of synaptic specificity
require elimination of synapses from incorrect targets? To
address these questions, we developed a second in vitro assay
called the ‘‘synaptoporin assay’’ (Figure 4A). In this assay we
use cell and synapse-specific markers to uniquely identify
subtypes of synapses made onto an identified postsynaptic
target cell grown in standard low-density mass hippocampal
cultures.
To establish the synaptoporin (SPO) assay, we determined
that DG mossy fiber synapses are identified by coexpression
of the presynaptic markers VGlut1 and SPO (synaptophysin II).
Neuron
Cadherin-9 Regulates Synapse-Specific DevelopmentVGlut1 is expressed at all excitatory, glutamatergic synapses
in the hippocampus and, therefore, labels presynaptic sites
originating from DG, CA3, and CA1 neurons (Bellocchio et al.,
1998; Kaneko et al., 2002). In contrast, SPO has more re-
stricted expression. Although SPO is expressed in a subset of
GABAergic synapses, the only excitatory synapses in the hippo-
campus that express SPO are DG mossy fiber synapses (Fig-
ure S2) (Grabs et al., 1994; Grosse et al., 1998; Singec et al.,
2002). We confirmed the specificity of these presynaptic
markers in sections of postnatal rat brain and in hippocampal
cultures by immunostaining individual neurons transfected with
synaptophysin-GFP (Figure S2). When a DG neuron expresses
synaptophysin-GFP, synapses marked by synaptophysin-GFP
express VGlut1 and SPO (Figures S2B and S2C). In contrast
when CA3 or CA1 neurons express synaptophysin-GFP, syn-
apses marked by synaptophysin-GFP express VGlut1, but not
SPO (Figures S2B and S2C). These results indicate that DG
synapses express both VGlut1 and SPO, whereas CA synapses
from both CA1 and CA3 neurons express only VGlut1. Therefore,
coimmunostaining with antibodies against SPO, VGlut1, and cell
type markers allows examination of the development of different
kinds of synapses onto different types of hippocampal neurons
(Figure 4A).
We carried out the SPO assay on neurons grown for 8, 12,
and 15 DIV, by immunostaining cultures with antibodies against
SPO and VGlut1 to identify different types of synapses. In addi-
tion to these synaptic markers, neurons were immunostained
for CAMKII to label the dendrites of excitatory neurons and
CTIP2 and Prox1 to identify cell types (Figures 4A–4C). We
counted the total number of excitatory synapses, DG synapses,
and CA synapses formed onto different neuron types over time.
At all time points, dendrites of CA1 and CA3 neurons developed
very similar numbers of excitatory synapses. This indicates that
neither cell type has any more synaptogenic potential than the
other (Figure 4D). However, CA3 neurons developed signifi-
cantly more DG synapses (up to 2.4 times greater) than CA1
neurons at all time points (Figure 4E). During our analyses we
noticed that, like mossy fiber terminals in vivo, SPO-positive
synapses were often much larger than typical excitatory
presynaptic sites. Therefore, we determined whether these
extra-large excitatory presynaptic terminals were also preferen-
tially located on CA3 neurons. Indeed, when we limited our
analysis to synapses greater than 1.0 mm2, we discovered
that CA3 neurons have up to 4.4 times more extra-large DG
synapses than CA1 neurons (Figure 4F), and the average size
of a DG synapse is greater on CA3 neurons (Figure 4G). We
also observed that CA1 neurons developed significantly more
CA synapses than CA3 neurons, which indicates that specificity
may not be limited to DG synapses but that other types of
synapses also undergo selective formation in culture
(Figure 4H).
Together, these experiments support the conclusion that
mechanisms driving specific synapse formation in culture func-
tion without spatial cues present in the brain. Because we
observe a strong synaptic bias as early as 8 DIV, it suggests
that this specificity is largely driven by selective synapse forma-
tion onto correct targets, and not by elimination of synapses from
incorrect targets.Cadherin-9 Is a Homophilic Type II Cadherin Expressed
by DG and CA3 Neurons
To identify molecules that might regulate the formation of
DG-CA3 synapses, we analyzed expression patterns of genes
that encode transmembrane proteins with extracellular domains
that could mediate cell-cell interactions. The initial analysis was
based on gene expression data published in the Allen Brain Atlas
(http://www.brain-map.org/) and led to identification of the
cadherin gene family as potential mediators of connectivity.
There are about 20 classic cadherin genes thought to mediate
cell-cell interactions, although the specific function of most
cadherins is unknown. Several cadherins are expressed in the
hippocampus, but only one, cadherin-9, is strongly and specifi-
cally expressed in DG andCA3 regions (Figure 5A) (Bekirov et al.,
2002). Therefore, we hypothesized that cadherin-9 interactions
between DG axons and CA3 dendrites may be important for
regulating mossy fiber synapse development but not other types
of synapses in the hippocampus.
Cadherin-9 is a relatively uncharacterized gene predicted to
encode a classic type II cadherin, and therefore, cadherin-9
may signal via homophilic binding. To test this, we cloned the
predicted full-length cadherin-9 cDNA from postnatal day 7
(P7) mouse hippocampal mRNA and generated an Fc fusion of
the extracellular domain of cadherin-9. We found that cad-
herin-9-Fc but not control Fc binds the surface of 293T cells
expressing cadherin-9 in a calcium-dependent manner indi-
cating that, like other classic cadherins, cadherin-9 undergoes
homophilic binding (Figures 5B and 5C) (Shimoyama et al.,
2000). One consequence of cadherin binding is recruitment
and activation of b-catenin (Arikkath and Reichardt, 2008;
Stepniak et al., 2009). To determine if cadherin-9-mediated
adhesion recruits b-catenin, we expressed cadherin-9 in 293T
cells and found that b-catenin is recruited to the interface be-
tween cadherin-9 cells (Figure 5D). Additionally, epitope-tagged
cadherin-9 colocalizes with b-catenin in neurons (Figure 5E).
These results suggest that cadherin-9 is capable of intracellular
signaling via catenin proteins.
We next analyzed the location of cadherin-9 protein in
neurons. Consistent with in situ hybridization results showing
that cadherin-9 is expressed selectively by DG and CA3
neurons, we found that endogenous cadherin-9 protein is
found in puncta along axons and dendrites in a subset of
cultured hippocampal neurons (Figures 5F and 5G). Cadherin-
9 puncta do not directly overlap with synaptic vesicles or the
postsynaptic density but are frequently found adjacent to
synaptic active zones (Figure 5H), similar to what has been
observed for other cadherins (Fannon and Colman, 1996;
Uchida et al., 1996). Antibody incompatibility prevented us
from determining precisely which cell types are cadherin-9
positive in culture and from analyzing endogenous cadherin-9
protein in vivo. However, we were able to examine the location
of epitope-tagged cadherin-9 in DG neurons in the brain. DG
neurons of P5 rats were infected with a lentivirus expressing
cadherin-9 and GFP using a 2A peptide to drive expression
of both genes from a single promoter (Figure S3A). Because
the 2A peptide remains attached to cadherin-9, it was used
as an epitope tag to visualize cadherin-9 with anti-2A anti-
bodies. We found that at P14 cadherin-9-2A localizes toNeuron 71, 640–655, August 25, 2011 ª2011 Elsevier Inc. 645
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Figure 5. cdh9 Is a Classic Type II Cadherin
(A) In situ hybridization for cdh9 mRNA in a horizontal section of a P14 mouse brain.
(B) 293T cells cotransfected with GFP and Flag-tagged cadherin constructs were treated with Fc or cdh9-Fc as indicated. Top row shows GFP (green) and Flag
(blue) expression. Bottom row shows the same cells as above stained for GFP (green) and bound Fc (red).
(C) Quantification of Fc binding. The percentage of GFP cell area (green) that colocalized with Fc (red) was determined. The only condition to show significant
binding was cdh9-Fc treatment on cdh9 cells. Statistics determined by ANOVA and error bars represent SEM. ***p > 0.001 compared to all other conditions.
(D) 293T cells cotransfected with mCherry and cdh9 were immunostained for b-catenin (green), mCherry (red), and Hoechst (blue). Note that b-catenin clusters at
junctions between transfected cells expressing cdh9 and mCherry (white arrows), but not between untransfected cells (red arrows).
(E) Cultured hippocampal neuron transfected with cdh9-2A-GFP and immunostained for cdh9-2A (red), GFP (blue), and b-catenin (green). Thewhite box indicates
a region of higher magnification at right showing that cdh9-2A colocalizes with b-catenin in dendrites, and colocalization appears yellow.
(F and G) Hippocampal neurons immunostained for MAP2 (green) to label dendrites, NFH (blue) to label axons, and endogenous cdh9 (red). cdh9 localizes to
dendrites (closed arrow) and axons (open arrow) of a subset of neurons in mixed hippocampal cultures. Dendrites (closed arrowhead) and axons (open
arrowhead) not expressing cdh9 are also shown.
(H) Hippocampal neurons immunostained for VGlut1 (green) to label presynaptic sites, PSD95 (blue) to label postsynaptic sites, and endogenous cdh9 (red). cdh9
is adjacent but not overlapping synaptic release sites. (I) DG axon infected in vivo with a lentivirus expressing cdh9-2A-GFP. In DG axons, cdh9-2A (red) was
found adjacent to clusters of synaptic vesicles identified by VGlut1 (blue).
Neuron
Cadherin-9 Regulates Synapse-Specific Developmentdendrites and axons of DG neurons (Figures S3B–S3E). Al-
though cadherin-9-2A was found diffusely throughout the den-
drites, it localized to discrete bands at mossy fiber terminals646 Neuron 71, 640–655, August 25, 2011 ª2011 Elsevier Inc.adjacent to but not overlapping presynaptic vesicles marked
by VGlut1 (Figures 5I and S3B–S3E), consistent with a role as
a synaptic organizer.
Neuron
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Synapse Formation
To examine the role of cadherin-9 in synapse formation, we
generated a cadherin-9 shRNA that markedly reduces expres-
sion of a tagged cadherin-9 construct in 293T cells (Figure 6A).
The construct does not significantly affect expression of several
other cadherins expressed in the hippocampus, including
cadherin-2 (N-cadherin), cadherin-8, and cadherin-10, based
on western blot and quantitative PCR analysis (Figures 6B and
6C, and S4). We also generated a codon-substituted cadherin-9
rescue construct insensitive to the cadherin-9 shRNA (Figures 6A
and 6C). To determine whether knockdown of cadherin-9
selectively affects DG-CA3 synapse formation, we transfected
hippocampal neurons with scrambled control or cadherin-9
shRNA, and examined the formation of DG and CA synapses
onto different types of neurons using the SPOassay. Knockdown
of cadherin-9 led to significant reductions in the total number of
DG synapses and the number of extra-large DG synapses onto
CA3 neurons but did not affect the number of CA synapses
onto the same cells (Figures 6D–6G), indicating that cadherin-9
regulates a specific class of synapses. In addition, DG synapses
that remained on knockdown CA3 neurons were significantly
reduced in size compared to controls (Figure 6H), suggesting
that cadherin-9 might also control the growth of DG-CA3
synapses. These defects were rescued by coexpression of
shRNA-insensitive cadherin-9, which indicates that the observed
effects are due to specific loss of cadherin-9 (Figures 6D–6H). As
a further test of specificity, we examined the effects of cadherin-9
shRNA on CA1 neurons, which do not express cadherin-9 (Fig-
ure 5A). We found no significant effect of cadherin-9 shRNA
expression on the formation of synapses onto CA1 neurons, sug-
gesting that the cadherin-9 shRNA does not cause general
synaptic defects (Figures 6E–6H). These results indicate that
cadherin-9 plays a specific role in regulating DG synapses onto
CA3 neurons, and does not regulate non-DG synapses.
Because DG neurons express cadherin-9, and there are some
ectopic DG-DG synapses in culture, we determined if the
number of DG-DG synapses would be affected by downregula-
tion of cadherin-9. Expression of cadherin-9 shRNA led to a
decrease in the number of DG-DG synapses, suggesting that
ectopic synapse formation between DG neurons in culture is
driven, at least in part, by cadherin-9-mediated interactions
(Figures 6E–6G). We also overexpressed cadherin-9 in cultured
hippocampal neurons to determine whether it is sufficient to
induce synapses and found that overexpression does not in-
crease DG synapses on any cell type in culture (Figures 6E–
6H). This is consistent with previous studies on N-cadherin,
which was also shown to be insufficient to induce synapses
or spines (Mendez et al., 2010; Scheiffele et al., 2000; Togashi
et al., 2002). Together, these observations indicate that
cadherin-9 regulates the formation of synapses when it is ex-
pressed both in the pre- and postsynaptic neuron, supporting
a mode of action via homophilic binding.
Reduction of Cadherin-9 in DG Neurons Disrupts Mossy
Fiber Bouton Formation In Vivo
To determine if endogenous cadherin-9 is required for the
differentiation of DG-CA3 mossy fiber synapses in vivo, wegenerated lentiviruses that express cadherin-9 shRNA under
control of the human H1 promoter and GFP under control of
the rat synapsin promoter. Rat DG neurons were infected with
control or cadherin-9 shRNA lentivirus at P5 and assessed by
immunofluorescence at P16 (Figure 7A). In these experiments
antibodies against GFP were used to label the infected axons,
and SPO and VGlut1 were used to label mossy fiber terminals.
As shown in Figures 7B and 7C, lentivirus injection into the DG
leads to clear labeling of themossy fiber pathway, and DG axons
expressing the shRNA appear to grow normally. Analysis of DG
mossy fiber boutons following control virus injection revealed
large, complex boutons characteristic of mossy fiber terminals
(Figure 7D). In marked contrast, expression of cadherin-9 shRNA
revealed significant defects in mossy fiber morphology and
density (Figure 7E). Quantification of these experiments revealed
that cadherin-9 knockdown neurons had 24% fewer mossy
fiber presynaptic boutons compared to controls (Figure 7F),
and the average size of the boutons that remained was 26%
smaller (Figure 7G). Together, these defects in synapse size
and number reduce the total synaptic area in knockdown
neurons by 50%. Thus, in DG neurons, cadherin-9 is not required
for axon growth but, instead, is specifically involved in mossy
fiber bouton formation in vivo.
Although lentiviral infection of DG neurons allowed us to visu-
alize the mossy fiber pathways, the fine morphology of individual
mossy fiber boutons is difficult to analyze due to the large
number of nearby axons that are labeled. It is also difficult to
carry out in vivo rescue experiments because of DNA packaging
limits of viral tools. To overcome these limitations, we sought to
characterize the presynaptic phenotype of cadherin-9 knock-
downmore precisely by sparsely transfecting DG neurons in vivo
using in utero electroporation (Figure 7H). In these experiments
hippocampal neurons were electroporated with a plasmid ex-
pressing membrane GFP together with either scrambled shRNA
control or cadherin-9 shRNA at E15, and then individual mossy
fiber boutons were analyzed at P14. At this age, mossy fiber
boutons developed their characteristic shape consisting of a
large main bouton and several presynaptic filopodia (Figure 7I).
Consistent with the lentiviral experiments, expression of the
cadherin-9 shRNA caused a significant 33% reduction in the
size of the main bouton area and a 67% reduction in the number
of presynaptic filopodia, which were completely rescued by
coelectroporation of an shRNA resistant cadherin-9 cDNA (Fig-
ures 7I–7M). These results indicate that cadherin-9 regulates
the density, size, and complexity of mossy fiber boutons.
Reduction of Cadherin-9 in CA3 Neurons Disrupts
Pre- and Postsynaptic Development In Vivo
Because cadherin-9 is expressed by both DG and CA3 neurons,
and undergoes homophilic interactions, we hypothesized that
cadherin-9 is also required in CA3 neurons for the formation
of postsynaptic structures apposed to mossy fiber terminals.
To examine this possibility, CA3 neurons were infected with
control or cadherin-9 shRNA lentivirus at P5 and analyzed at
P16 (Figure 8A). To visualize the specialized spines known as
TEs, infected CA3 neurons identified by expression of GFP
were filled with lucifer yellow (LY) using current-driven microin-
jection in fixed tissue (Figures 8A–8C and S5). Analysis of filledNeuron 71, 640–655, August 25, 2011 ª2011 Elsevier Inc. 647
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neurons severely disrupted formation of TEs. Under control
conditions, TEs appear as discrete clusters of spine heads on
the proximal dendrites of CA3 neurons (Figure 8B). In contrast,
CA3 neurons expressing cadherin-9 shRNA have few compact
TEs and, instead, develop dysmorphic filopodia-like extensions
emerging from the main dendritic shaft (Figure 8C). Quantifica-
tion of the average number of filopodia per length of dendrite
revealed that cadherin-9 knockdown neurons have 5.8 times
more filopodia than control neurons (Figure 8D). To determine
if cadherin-9 knockdown affects spine formation in general, we
also examined spine formation at typical spines of DG and
CA1 neurons. We found no significant alterations in either spine
density or spine length between neurons expressing the
scramble or cadherin-9 shRNA for either cell type (Figure S6).
We are certain that the shRNA was expressed because the
same DG neurons used for spine analysis showed presynaptic
defects at their mossy fiber boutons that could be rescued by
expression of cadherin-9 (Figures 7I–7M). These results indicate
that cadherin-9 is required specifically for stabilization andmatu-
ration of TE spines.
Finally, we examined whether reduction of cadherin-9 in the
postsynaptic CA3 neuron has cell nonautonomous affects on
presynaptic bouton formation. Because synaptic contact
between pre- and postsynaptic elements cannot be definitively
resolved using light microscopy, we performed electron micros-
copy on photoconverted LY fills of CA3 neurons infected with
cadherin-9 shRNA or control lentivirus. In this experiment
postsynaptic structures are filled by the photoconverted dye,
and uninfected presynaptic mossy fiber boutons in contact
with the filled dendrites can be clearly identified (Figures 8E
and 8F). Wild-type presynaptic boutons contacting dendrites
of cadherin-9 knockdown neurons were 63% smaller than those
contacting control neurons (Figure 8G). This suggests that loss of
cadherin-9 on the postsynaptic dendrite leads to a trans-
synaptic defect in the presynaptic axon terminal and supports
the model that cadherin-9 homophilic interactions specifically
regulate mossy fiber synapse formation in the developing
hippocampus.DISCUSSION
The formation of synapses between specific cell types with
unique synaptic properties is essential for the function of the
nervous system, yet the mechanisms that mediate such speci-
ficity are largely unknown. In this study, we investigated theFigure 6. cdh9 Specifically Regulates DG Synapse Formation In Vitro
(A and B) 293T cells were cotransfected with C-terminal FLAG-tagged cadherin c
cell lysates were analyzed by immunoblotting. cdh9 expression is significantly re
mutations, or the cadherins cdh2 (N-cadherin), cdh8, or cdh10.
(C) Quantification of cdh9 shRNA western blots (n = 3).
(D) CA3 neurons expressing GFP and scrambled shRNA (control), cdh9 shRNA (kn
(blue), SPO (green), and VGlut1 (red). White boxes indicate regions of higher m
reduced on CA3 knockdown neurons.
(E–H) Graphs show the average number of DG synapses (syn), CA synapses, and
(2), cdh9 shRNA plus cdh9res (3), or cdh9 overexpression (4) (n > 30 cells for eac
performed using ANOVA followed by posttests (***p < 0.001, **p < 0.01, and *p <mechanisms that regulate the formation of the DG-CA3 synapse
in the hippocampus using a combination of in vitro and in vivo
approaches. Using two novel in vitro assays for synaptic
specificity, we found that DG neurons show a strong preference
to form synapses with their target CA3 neurons rather than
other DG and CA1 neurons. We then investigated the regulation
of DG-CA3 synapse formation and found that cadherin-9,
which is selectively expressed in DG and CA3 neurons, plays
a critical role in the formation and differentiation of this synapse.
Our results indicate that many aspects of DG-CA3 mossy
fiber synapse development, including synapse density, presyn-
aptic bouton complexity, and postsynaptic morphology, are
regulated by trans-synaptic, homophilic cadherin-9-mediated
interactions.Development of In Vitro Models for Studying Synaptic
Specificity
Cultured hippocampal neurons have long been recognized
as a valuable system for investigating synapse formation and
function. It is often assumed that synaptic specificity is lost in
dissociated neurons, but this assumption is largely unsubstanti-
ated by experimental evidence. In fact previous studies sug-
gested that synapse formation in culture is not random. For
instance mechanosensory neurons cultured from the mollusk
Aplysia californica form specific synaptic connections (Camardo
et al., 1983), and in the mammalian CNS, cultured cortical neu-
rons form nonrandom synaptic connections independent of
axon guidance (Vogt et al., 2005). It was also shown that cultured
CA3 hippocampal neurons develop large, zinc-filled synapses
resembling mossy fiber synapses (Kavalali et al., 1999). In these
studies precise cell and synapse-specificmarkers were not used
to unambiguously identify cell types, and preferential synapse
formation inmixed hippocampal cultures containing all cell types
has never been examined.
Here, we developed two approaches, the microisland assay
and the SPO assay, to investigate the formation of specific
classes of synapses in vitro. The two assays are not simply
two methods to examine similar processes but are complemen-
tary to one another. Themicroisland assay allows examination of
target selection by an identified presynaptic neuron, whereas the
SPO assay allows examination of specific types of inputs onto an
identified postsynaptic neuron. Remarkably, both assays reveal
that DG neurons preferentially synapse with their correct targets,
CA3 neurons, in culture. Although, DG axons are guided to the
CA3 region by positional cues in the brain, our results indicate
that DG-CA3 synaptic specificity does not depend exclusivelyonstructs and scrambled shRNA (scr) or cdh9 shRNA (c9sh) as indicated, and
duced by cdh9 shRNA but not a cdh9 rescue construct containing silent point
ockdown), or cdh9 shRNA plus cdh9res (rescue) were immunostained for GFP
agnification shown below each neuron. DG synapses appear yellow and are
DG synapse size on neurons expressing scrambled shRNA (1), cdh9 shRNA3
h cell type from at least 3 cultures). Error bars represent SEM. Statistics were
0.05). dend, dendrite.
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Figure 7. Reduction of cdh9 Expression in DG Neurons In Vivo Disrupts Mossy Fiber Bouton Formation
(A) Diagram of DG lentivirus injection strategy used for (B)–(G).
(B andC) Lentivirus infections of the DGwith GFP control or GFP plus cdh9 shRNA. Overall development and axon growth appear normal in both control and cdh9
shRNA-expressing cells.
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Figure 8. Reduction of cdh9 in CA3 Neurons In Vivo Causes Pre- and Postsynaptic Defects
(A) Diagram of CA3 lentivirus injection strategy.
(B and C) CA3 neurons infected with lentiviruses and filled with LY dye to reveal spine morphology. Line drawings of images illustrating disruption of mossy fiber
TEs in cdh9 shRNA-expressing neurons are shown at right. Dendrites are gray, and spines and spines/filopodia are black.
(D) Graph showing that the number of filopodia per 10 mm of proximal dendrite is significantly greater in CA3 neurons infected with cdh9 shRNA compared to
control (n = 7 neurons for each).
(E and F) Scanning electron microscopy images of photoconverted, LY-filled CA3 neurons infected with lentiviruses. Dendrites of filled neurons are dark, and
mossy fiber boutons are shaded red.
(G) Graph showing that the average size of mossy fiber boutons contacting cdh9 shRNA dendrites is significantly smaller compared to control as determined by
electron microscopy (n = 16 boutons from 1 control neuron and n = 35 boutons from 2 cdh9 shRNA neurons). In all cases, error bars represent SEM; ***p < 0.001,
two-tailed t test.
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Cadherin-9 Regulates Synapse-Specific Developmenton directed axon guidance but that distinct mechanisms pro-
mote synapse formation specifically between these cell types.
Our observation that preferential synapse formation occurs
early in development suggests that specificity is primarily
achieved by selective synapse formation with correct target
neurons, and not by elimination from incorrect targets. Synapse
elimination is an essential process for the refinement of many
circuits. However, synapse elimination typically involves late,(D and E) DGmossy fibers in the stratum lucidum following lentiviral infection. Sec
axons and SPO (red) and VGlut1 (blue) to label mossy fiber synapses, which ap
thresholded to reveal the areas of triple colocalization. Axons infected with cdh9
(F and G) Graphs showing that both the number (F) and size (G) of mossy fibe
compared to control (n > 20 fields of view from at least 3 different injections per
(H) Diagram of in utero electroporation strategy used for (I)–(M).
(I–K) Examples of individual mossy fiber boutons coexpressing membrane GFP w
cdh9res (rescue). Confocal z projection of a mossy fiber bouton immunostained
condition are shown at right.
(L and M) Graphs showing that mossy fiber bouton size and complexity are redu
(n = 14–22 boutons from at least 3 different animals for each condition). For all gra
t test (F and G) or ANOVA (L and M).activity-dependent processes whereby excess synapses are
removed from a target cell population as a means to refine
synapse number and strength rather than as a mechanism to
remove synapses from incorrect target cells (Kano and Hashi-
moto, 2009; Katz and Shatz, 1996). We find that initial cell type
selection occurs early in synapse formation and in the absence
of neural activity (M.E.W. and A.G., unpublished data), and there-
fore, we hypothesize that genetically determined molecular cuestions were immunostained with antibodies against GFP (green) to label infected
pear purple in the merged images. To the right, the same images have been
shRNA have fewer mossy fiber boutons.
r boutons (MFB) are significantly reduced in axons expressing cdh9 shRNA
condition).
ith scrambled shRNA (control), cdh9 shRNA (knockdown), or cdh9 shRNA plus
for GFP is shown at left, and line drawings of several other boutons from each
ced upon cdh9 knockdown and are fully rescued by coexpression of cdh9res
phs, error bars represent SEM; ***p < 0.001, **p < 0.01, *p < 0.05 by two-tailed
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include positive cues promoting synapse formation on CA3
neurons and negative cues preventing synapse formation on
CA1 neurons. We do not rule out the possibility that the number
of correct synapses is refined over time through other mecha-
nisms. In addition it is important to note that although we always
observe a highly significant bias toward correct target innerva-
tion, we also detect incorrect synapses in culture that are not
normally found in the brain. This likely reflects the fact that the
brain uses several mechanisms (i.e., axon guidance, specific
target recognition, synapse elimination) to ensure that neural
circuits form with high fidelity.
Role of Cadherin-9 in Synapse Formation In Vitro
The formation of specific classes of synapses requires communi-
cation between two neurons. For this reason transmembrane
cell adhesionmolecules that interactwith the extracellular environ-
ment and transmit information inside the cell are attractive
candidates for mediating specific synapse formation. The classic
cadherin gene family consists of approximately 20 members,
and their differential expression in the brain has raised interest in
the possibility that cadherin-mediated interactions play an impor-
tant role in synaptic specificity (Arikkath and Reichardt, 2008;
Bekirov et al., 2002). However, much of our understanding of the
role of cadherins at synapses is based on N-cadherin, which is
broadly expressed and appears to have a general role in modu-
lating synaptogenesis, spine formation, and plasticity in response
to activity (Arikkath and Reichardt, 2008; Bozdagi et al., 2004,
2010; Mendez et al., 2010; Saglietti et al., 2007; Togashi et al.,
2002). N-cadherin is also involved in earlier events including axon
guidanceand laminar targeting (Inoue andSanes, 1997;Kadowaki
et al., 2007; Poskanzer et al., 2003), and DG axons respond differ-
entially to N-cadherin versus cadherin-8 (Bekirov et al., 2008).
Despite extensive analysis of N-cadherin function, the role of
most other cadherins in synapse formation remains unknown.
Cadherin-9 is unique because it is the only cadherin with highly
specific expression in DG and CA3 neurons. We found that
cadherin-9 is homophilic, localizes to mossy fiber synapses,
and is specifically required for formation of a subset of synapses
(DG synapses) in culture and in vivo. To our knowledge, this is the
first direct evidence that a cadherin regulates the differentiation
of a specific class of synapses. Hippocampal neurons express
multiple cadherins and, therefore, it is possible that different
kinds of hippocampal synapses are specified by a unique
cadherin or combination of cadherins. Cadherins participate in
both homophilic and heterophilic interactions, and this feature
increases the diversity of synapses that may be regulated by
individual cadherins (Patel et al., 2006; Shimoyama et al.,
2000; Volk et al., 1987). The role of molecules in regulating
laminar targeting and subcellular specificity, both as positive
(Ango et al., 2004; Shen and Bargmann, 2003; Shen et al.,
2004; Yamagata and Sanes, 2008; Yamagata et al., 2002) and
negative (Inaki et al., 2007; Klassen and Shen, 2007; Pecho-Vrie-
seling et al., 2009; Tran et al., 2009) cues, is now fairly well estab-
lished, and it appears that cadherin-mediated interactions may
play a similar role in the generation of synaptic diversity.
The SPO specificity assay reveals that decreasing cadherin-9
expression in postsynaptic neurons in culture has two main652 Neuron 71, 640–655, August 25, 2011 ª2011 Elsevier Inc.effects. First, it reduces the number of DG synapses onto CA3
neurons, without affecting non-DG synapses, indicating that it
is specifically required for DG-CA3 synapse formation. Second,
the DG-CA3 synapses that do form onto neurons with reduced
cadherin-9 expression are much smaller than controls, indi-
cating that cadhein-9 signaling also regulates the growth of
this unusually large synapse. Furthermore, it is intriguing that
cadherin-9 also appears to play a role in the formation of the
few DG-DG synapses that form in culture. This is most likely
due to an interaction between axonal and dendritic cadherin-9
in DG neurons. In vivo, DG axons normally do not have access
to DGdendrites due to the trajectory of axon growth in themossy
fiber pathway; however, DG-DG synapses do sometimes de-
velop in response to seizure activity through a process known
as mossy fiber sprouting (Dudek and Sutula, 2007). It will be
interesting to determine if cadherin-9 plays a role in this process
and whether inhibiting cadherin-9 function can ameliorate the
effects of generating a seizure-induced back-projecting DG
circuit.
Role of Cadherin-9 in DG-CA3 Mossy Fiber Synapse
Formation In Vivo
Our results provide strong evidence in support of a role for
cadherin-9 in regulating mossy fiber synapse formation in vivo.
Cadherin-9 knockdown results in multiple-related phenotypes,
suggesting that cadherin-9 may have a multifaceted role in
target recognition, synapse formation, and synapse maturation
at the mossy fiber synapse.
Because cadherin-9 is expressed specifically in DG and CA3
neurons, cadherin-9-mediated homophilic adhesion may pro-
vide a target recognition cue between DG and CA3 neurons.
Support for this comes from the fact that reduction of cad-
herin-9 in CA3 neurons generates extremely long thin filopo-
dia-like spines. Filopodia are thought to be precursors to mature
spines. Their length and flexibility are thought to make them
more motile so that they may sample the environment in search
of potential synaptic partners. It is possible that without cad-
herin-9, CA3 dendrites are largely unable to recognize DG axons
and, therefore, do not initiate maturation of TE spines. Despite
the severe effects of cadherin-9 knockdown on mossy fiber
synapse morphology in vivo, some DG-CA3 synapses are still
made. If cadherin-9 is important for specificity, why do mossy
fiber synapses develop at all? This could reflect an inherent drive
in neurons to make synaptic connections. Neurons that fail to
generate functional synapses often undergo axon retraction
and cell death (Conforti et al., 2007; Verhage et al., 2000). There-
fore, with such dire consequences it may not be surprising that
in the absence of normal synaptic cues, other compensatory cel-
lular mechanisms drive synapse formation. Because cadherin-9
knockdown does not alter axon guidance, the only available
postsynaptic targets are the defective CA3 neurons. In addition
it is highly unlikely that a single molecule functions alone to
govern specificity, and there may be other molecules that work
together with cadherin-9 to ensure that synapses form with
high fidelity and precision.
Our in vivo experiments indicate that cadherin-9 plays a critical
role in regulating the differentiation of the mossy fiber synapse.
Presynaptic boutons are consistently reduced in size, and
Neuron
Cadherin-9 Regulates Synapse-Specific Developmentcomplexity upon cadherin-9 knockdown and postsynaptic spine
formation is severely disrupted. It remains unknown precisely
how cadherin-9 mediates pre- and postsynaptic development,
but our experiments show that, like other classic cadherins,
cadherin-9 recruits b-catenin. b-Catenin is a multifunctional
protein that binds PDZ proteins linked to both pre- and postsyn-
aptic differentiation (Arikkath and Reichardt, 2008). Presynapti-
cally, b-catenin recruits synaptic vesicles, and postsynaptically,
it regulates spine formation via other catenin molecules and the
actin cytoskeleton (Arikkath, 2009; Arikkath andReichardt, 2008;
Bamji et al., 2003). Such mechanisms may be important in
conferring the structural features that define the mossy fiber
synapse.
In summary we describe a novel approach to identify molec-
ular signals that regulate the differentiation of specific classes
of CNS synapses. Our approach allowed us to gain new insight
into the function of cadherins in this process, which have long
been proposed to mediate the formation of specific connections
based on their differential expression patterns but direct evi-
dence for a role in specificity has been lacking. Using the DG-
CA3 mossy fiber synapse as a model, we provide several lines
of evidence that cadherin-9 plays a critical role in the differentia-
tion of this synapse in vitro and in vivo. Finally, because the DG
mossy fiber synapse has been suggested to play a crucial role
in pattern separation, selective disruption of cadherin-9 in vivo
may provide a useful tool to dissect the contribution of this
synapse to hippocampus-dependent behavior.
EXPERIMENTAL PROCEDURES
Hippocampal Neuron Culture
For the microisland assay, P0 cortical glia were cultured on agarose-coated
coverslips sprayed with a mixture of poly-D-lysine and collagen to generate
glial islands (Segal and Furshpan, 1990). Then, dissociated P0 hippocampal
neurons were plated at 4 3 104 cells/ml. For the SPO assay, neurons were
plated at the same density onto coverslips preplated with a confluent mono-
layer of glia. See Supplemental Experimental Procedures for details on all
culture procedures, antibodies, and analysis.
Electrophysiology
After 10–14 DIV, microisland cultures were superfused with artificial cerebro-
spinal fluid. The presynaptic cell was held in current clamp at 55 mV, and
the postsynaptic cell was held in voltage clamp at 65 mV. The presynaptic
cell was stimulated at the minimum threshold to produce an action potential,
and EPSCs were recorded at a sampling rate of 100 kHz. After recording,
coverslips were immunostained to identify cell types. See Supplemental
Experimental Procedures for details.
Cadherin-9 Cloning, shRNA, and Lentivirus Production
cDNA encoding the predicted full-length cadherin-9 gene described in
GenBank NM_009869.1 was amplified from a P7 mouse hippocampal cDNA
library. This clone was used to generate an in situ probe, and PCR subcloning
was used to generate all other constructs. Cadherin-9 shRNA was made by
annealing oligos into the pSRretro.neo system (OligoEngine). The cadherin-9
target sequence is GATGTCAACAACAACCCTC. For lentiviruses a cassette
encoding the H1promoter and shRNA was ligated into pFsy1.1GW (Dittgen
et al., 2004). For details see Supplemental Experimental Procedures.
In Vivo Spine/Mossy Fiber Bouton Analysis
Timed pregnant E15 mice were in utero electroporated with plasmid DNA at
1–4 mg/ml using standard methods. Confocal stacks of spines or individual
mossy fiber boutons were collected on an Olympus FluoView 300, and stackswere analyzed using ImageJ, Excel, and Instat. For details see Supplemental
Experimental Procedures.
Intracellular Injection of LY and Electron Microscopy
Mice were perfused with 4%PFA, and 100 mm thick coronal sections were cut.
Penetrating microelectrodes were pulled from standard borosilicate capillary
glass with filament (1.0 mm outer /0.58 mm inner diameter) and back filled
with 5% LY dye. Virally infected CA3 neurons were filled via iontophoresis
under visual guidance. For each filled CA3 neuron, viral infection was
confirmed based on GFP expression at the cell body by immunostaining after
filling with anti-LY (555) and anti-GFP (647). See Supplemental Experimental
Procedures for more details and complete electron microscopy methods.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at doi:10.1016/
j.neuron.2011.06.019.
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